Introduction {#Sec1}
============

Pancreaticoduodenectomy in the setting of trauma remains a challenging and rare operation, occurring in less than 5% of cases of severe pancreatic head or duodenal injury \[[@CR1], [@CR2]\]. In contrast to patients with adenocarcinoma in the head of the pancreas, trauma patients are younger and often with less comorbidities. Outside of the challenges of dealing with active hemorrhage, the trauma pancreaticoduodenectomy (TP) operation may be easier to perform since inflammation, desmoplastic reactions and fibrosis secondary to cancer have not disrupted the anatomic planes between the pancreas and major venous structures and furthermore dissection may already be partly accomplished due to the trauma mechanism of injury (i.e. gunshot wound) \[[@CR3]\]. Furthermore, the trauma population generally has more physiologic reserve and are void of the chronic debility associated with cancer \[[@CR4]\]. However, little is known about the modern TP. In fact, the Eastern Association for the Surgery of Trauma references a lack of data on TP with only a small number of single-center retrospective studies published in the past two decades \[[@CR5]--[@CR7]\].

The only published national analysis on TP analyzed data from a decade ago and reported the only independent predictor of mortality to be the injury severity score (ISS), which is calculated post-surgery and thus does not provide much prognostic value to the operating trauma surgeon \[[@CR8]\]. Furthermore, they included patients with both blunt and penetrating mechanisms of injury. Pancreatic injury after blunt trauma is rarely a solitary injury with more than 90% of cases involving injury to at least one other organ including traumatic brain injury (TBI) in up to 50% \[[@CR9], [@CR10]\].

Recently trauma patients have benefited from improved pre-hospital transport and damage control surgery \[[@CR11], [@CR12]\]. In addition, balanced resuscitation and permissive hypotension have also led to fewer deaths due to hemorrhage in trauma patients presenting in extremis \[[@CR13]--[@CR15]\]. This may facilitate improved outcomes associated with TP compared to historical reports. However, TP has failed to gain wide popularity among trauma surgeons likely due to reports of morbidity and mortality rates up to 80% and 50%, respectively \[[@CR16]--[@CR19]\]. However, the national trend for mortality after elective pancreaticoduodenectomy has improved from 25 to below 4%; a trend partly attributed to the advent of minimally invasive salvage techniques such as interventional radiology, endoscopic retrograde cholangiopancreatography, and improved critical care \[[@CR20]--[@CR22]\]. Therefore, we hypothesized no difference in risk of mortality between contemporary penetrating trauma patients with severe pancreatic or duodenal injury undergoing a TP to propensity-matched controls undergoing laparotomy without TP.

Methods {#Sec2}
=======

A retrospective analysis of the Trauma Quality Improvement Program (TQIP) was performed between January 2010 and December 2016. All patients ≥ 18-year old presenting with penetrating pancreatic and/or duodenal injuries were identified using the International Classification of Diseases version-9 (ICD-9) diagnosis codes: 863.21, 863.31, 863.81--863.84 and 863.91--863.94. TQIP does not include the American Association for the Surgery of Trauma (AAST) organ injury scale (OIS) for pancreatic injuries. In lieu of this, we used abbreviated-injury-scale (AIS) codes to parallel OIS grades as previously reported by other authors \[[@CR23], [@CR24]\]. We selected only patients with grade-3/4 pancreatic and/or duodenal injuries as these would be the most likely patients to require TP during the index operation. The two compared groups were patients undergoing exploratory laparotomy with and without TP, defined by the ICD-9 procedure codes: 52.7 (TP) and 54.11 (exploratory laparotomy). Only operations occurring within the first 6 h of admission were included. The primary outcome was in-hospital mortality.

Due to the observed imbalance in the sample size between these two groups, TP patients were matched with patients undergoing exploratory laparotomy without TP using a propensity score model. The propensity score calculated for each observed case is a measure of the likelihood that a patient would have undergone TP. The propensity score used in our analysis was derived from a logistic regression model in which the dependent variable was TP. The variables we used in our model included age, gender, ISS, vitals on admission, use of massive transfusion protocol (\> 6 units of packed red blood cells within 4 h or \> 10 units of packed red blood cells within 24 h), pre-hospital comorbidities and associated injuries. Patients with similar propensity scores were matched in a 1:2 ratio to compare outcomes among patients that underwent TP and patients that underwent exploratory laparotomy without TP. We included in our analysis only those cases that were within 0.001 of the estimated logit. This technique of defining the closeness of a matched case is termed caliper matching and is the validated method of emulating randomization in observational studies \[[@CR25]\]. For this study, we used caliper widths from 0.1 to 0.8 of the pooled standard deviation of the logit of the propensity score, in increments of 0.1. We have used this methodology as Monte Carlo simulations indicate that matching using a caliper width of 0.2 of the pooled standard deviation of the logit of the propensity score affords superior performance in the model. There were no differences in propensity-matching characteristics among the two groups.

Other measured outcomes included total hospital length of stay (LOS), intensive care unit (ICU) LOS, ventilator days, and in-hospital complications including acute respiratory distress syndrome (ARDS), unplanned ICU admission, pneumonia, cerebrovascular accident (CVA), myocardial infarction (MI), acute kidney injury (AKI), deep vein thrombosis (DVT) and pulmonary embolism (PE). Patients undergoing other abdominal operations were also identified including bowel resection, suture laceration of duodenum, subtotal or distal pancreatectomy or other repair of the pancreas. These were defined by the appropriate ICD-9 procedure codes. We defined major complications to include: ARDS, unplanned ICU admission/readmission, pneumonia, CVA or AKI.

All variables were coded as present or absent. Descriptive statistics were performed for all variables. Mann--Whitney *U* test was used to compare continuous variables and Chi square was used to compare categorical variables for bivariate analysis. Categorical data was reported as percentages, and continuous data was reported as medians with interquartile range or as means with standard deviation. In addition, we also used a Chi square test to compare the mortality rate in our analysis to the one reported in a previous national analysis from 2008 to 2010 \[[@CR8]\].

We used a univariable logistic regression model to determine risk of mortality and major in-hospital complications, defined by the development of acute respiratory distress syndrome, unplanned ICU admission, pneumonia, cerebrovascular accident and acute kidney injury. We also performed a multivariable logistic regression analysis to report the risk of venous thromboembolism (VTE) disease after adjusting for injuries to the hepatic veins and inferior vena cava. In addition, we performed a multivariable logistic regression analysis on the original dataset (non-propensity-matched sample) to determine risk of mortality for TP vs. non-TP patients to ensure that the removal of some patients by our propensity-matching methodology did not skew our findings. Predictors of outcome were reported with an odds ratio (OR) with 95% confidence intervals (CI). Differences with *p* \< 0.05 were considered statistically significant. All statistical analyses were performed with IBM SPSS Statistics for Windows, Version 24. (Armonk, NY: IBM Corp).

Results {#Sec3}
=======

Demographics of patients with severe pancreatic and duodenal injury undergoing surgery {#Sec4}
--------------------------------------------------------------------------------------

Of 2182 patients with penetrating grade-3/4 pancreatic and/or duodenal injuries undergoing surgery, 54 (2.5%) underwent TP and 2128 (97.5%) underwent laparotomy without TP. After propensity-score matching, 40 patients undergoing TP were compared to 80 patients undergoing laparotomy without TP. There were 14 patients that did not fit into our propensity-matched model and thus were excluded from analysis. There were no differences among the two groups with respect to age, gender, ISS, vitals on admission, pre-hospital comorbidities, massive transfusion and associated injuries.

The TP group had a median age of 28 years and included mostly males (87.5%). The most common comorbidity was smoking (25.0%). More patients had an injury to the pancreas (72.5%) than to the duodenum (57.5%) and 57.5% had a combined injury. The median ISS was 25, Glasgow Coma Scale score was 15 and 20% were hypotensive on admission. The most common mechanism was gunshot-wound (87.5%) and the most common associated injury was to the liver (60.0%). The median time to TP was 43.2 min and the median time to laparotomy without TP was 42.0 min (Table [1](#Tab1){ref-type="table"}). More patients in the TP cohort had an associated hepatic vein injury (5.0% vs. 0%, *p* = 0.044) (Table [2](#Tab2){ref-type="table"}). The most commonly performed operation in those not undergoing TP was partial or total colectomy (40.0%) followed by small intestinal resection (25.0%) and suture laceration of the duodenum (22.5%) (Table [3](#Tab3){ref-type="table"}). In regard to the pancreas, the most common procedures were pancreas anastomosis (17.5%), "other" pancreas repair (10.0%) and distal pancreatectomy (7.6%). 80% of the TPs were performed at a Level-I trauma center.Table 1Demographics of 1:2 propensity-matched patients with severe pancreas/duodenal injury undergoing exploratory laparotomy versus exploratory laparotomy with trauma pancreaticoduodenectomy (TP)Characteristic− TP\
(*n* = 80) + TP\
(*n* = 40)*p* valueAge, year, median (IQR)28 (15)29 (21)0.846Male, *n* (%)70 (87.5%)36 (90.0%)0.688ISS, median (IQR)19 (11)25 (9)0.732SBP on admission, median (IQR)120 (55)114 (46)0.682Hypotensive on admission, *n* (%)16 (20.0%)8 (20.0%)1.00Pulse on admission, median (IQR)101 (37)99.5 (38)0.942Tachycardic on admission, *n* (%)40 (50.0%)18 (45.0%)0.605Respiratory rate on admission, median (IQR)20 (8)20 (7)0.888Tachypnea on admission, *n* (%)27 (33.8%)12 (30.0%)0.679GCS on admission, median (IQR)15 (1)15 (4)0.981Massive transfusion, *n* (%)11 (13.8%)5 (12.5%)0.849Mechanism, *n* (%) Stab wound5 (6.3%)2 (5.0%)0.783 Gunshot wound70 (87.5%)35 (87.5%)1.00 Other penetrating5 (6.3%)3 (7.5%)0.304Comorbidities, *n* (%) Congestive heart failure00-- Smoker20 (25.0%)10 (25.0%)1.00 End-stage renal disease00-- Diabetes3 (3.8%)1 (2.5%)0.719 Hypertension7 (8.8%)3 (7.5%)0.815 COPD4 (5.0%)1 (2.5%)0.518Pancreaticoduodenal injury, *n* (%) Pancreas64 (80.0%)29 (72.5%)0.354 Duodenum56 (70.0%)23 (57.5%)0.174 Combined47 (58.8%)23 (57.5%)0.896 Minutes to procedure, median (IQR)42.0 (18.9)43.2 (34.8)0.953Defined by an abbreviated injury scale grade of 3 or higher*ISS* injury severity score, *IQR* interquartile range, *SBP* systolic blood pressure, *GCS* Glasgow Coma Scale, *COPD* chronic obstructive pulmonary disease, *AIS* abbreviated injury scaleTable 2Injuries of 1:2 propensity-matched patients with severe pancreas/duodenal injury undergoing exploratory laparotomy versus exploratory laparotomy with trauma pancreaticoduodenectomy (TP)Characteristic-- TP\
(*n* = 80) + TP\
(*n* = 40)*p* valueVascular Injuries, *n* (%) Aorta8 (10.0%)1 (2.5%)0.141 Celiac artery01 (2.5%)0.156 Superior mesenteric artery6 (7.5%)4 (10.0%)0.640 Inferior mesenteric artery00-- Inferior vena cava21 (26.3%)14 (35.0%)0.320 Hepatic vein02 (5.0%)***0.044*** Portal vein1 (1.3%)2 (5.0%)0.215Associated Injuries, *n* (%) Traumatic brain injury2 (2.5%)1 (2.5%)1.00 Spine14 (17.5%)8 (20.0%)0.739 Pelvis fracture3 (3.8%)1 (2.5%)0.719 Upper extremity fracture8 (1.0%)3 (7.5%)0.655 Lower extremity fracture9 (11.3%)3 (7.5%)0.519 Lung10 (12.5%)7 (17.5%)0.459 Heart00-- Stomach34 (42.5%)15 (37.5%)0.599 Colorectal32 (40.0%)20 (50.0%)0.297 Liver42 (52.5%)24 (60.0%)0.436 Spleen6 (7.5%)2 (5.0%)0.605 Kidney26 (32.5%)12 (30.0%)0.781Defined by an abbreviated injury scale grade of 3 or higherTable 3Other procedures in 1:2 propensity-matched patients with severe pancreas/duodenal injury undergoing exploratory laparotomy without trauma pancreaticoduodenectomy (TP)Procedure%Partial or total colectomy40.0Other small intestine resection25.0Suture laceration of duodenum22.5Anastomosis pancreas17.5Other gastroenterostomy13.0Other pancreas repair10.0Distal pancreatectomy7.6Proximal pancreatectomy7.5Subtotal pancreatectomy5.0

Other clinical outcomes in patients with severe pancreatic and duodenal injury undergoing surgery {#Sec5}
-------------------------------------------------------------------------------------------------

Compared to patients undergoing laparotomy without TP, the TP cohort had a longer hospital LOS (median 27.5 vs. 16.5 days, *p* = 0.017) but similar ICU LOS (median 13 vs. 6, *p* = 0.12) and ventilator days (median 10 vs. 4.0, *p* = 0.06). The TP group also had a higher rate of DVT (20.0% vs. 2.5%, *p* = 0.001) but similar rates of ARDS (2.5% vs. 1.3%, *p* = 0.61), pneumonia (15.0% vs. 5.0%, *p* = 0.06), AKI (12.5% vs. 5.0%, *p* = 0.14) and unplanned return to the operating room (2.2% vs. 10.9%, *p* = 0.07) compared to the laparotomy without TP cohort. The mortality rate was statistically similar among both groups (TP 20.0%, no-TP 28.7%, *p* = 0.30) (Table [4](#Tab4){ref-type="table"}). Although the mortality rate for TP patients in our contemporary study is lower than a prior 2008--2010 national analysis of 39 patients with TP, however this did not reach statistical significance (20.0% vs. 33.0%, *p* = 0.19) \[[@CR8]\].Table 4Clinical outcomes of 1:2 propensity-matched patients with severe pancreas/duodenal injury undergoing exploratory laparotomy versus exploratory laparotomy with trauma pancreaticoduodenectomy (TP)Outcome− TP\
(*n* = 80) + TP\
(*n* = 40)*p* valueLOS, days, median (IQR)16.5 (25)27.5 (35)***0.017***ICU, days, median (IQR)6.0 (8)13.0 (24)0.125Ventilator, days, median (IQR)4.0 (7)10.0 (13)0.063Major complications, *n* (%) ARDS1 (1.3%)1 (2.5%)0.614 Unplanned ICU admission6 (7.5%)4 (10.0%)0.640 Pneumonia4 (5.0%)6 (15.0%)0.062 Cerebrovascular accident01 (2.5%)0.156 Myocardial infarction00- Acute kidney injury4 (5.0%)5 (12.5%)0.141Venous thromboembolism, *n* (%) Deep vein thrombosis2 (2.5%)8 (20.0%)***0.001*** Pulmonary embolism2 (2.5%)2 (5.0%)0.472 Mortality, *n* (%)23 (28.7%)8 (20.0%)0.302*LOS* length of stay, *IQR* interquartile range, *ICU*  intensive care unit, *ARDS* acute respiratory distress syndrome, *VAP* ventilator-associated pneumonia

Analysis for risk of mortality and complications {#Sec6}
------------------------------------------------

After adjusting for injuries to the inferior vena cava or hepatic veins, patients undergoing TP had a higher associated risk of VTE compared to patients undergoing laparotomy without TP (OR = 4.86, CI = 1.35--17.47, *p* = 0.015). On univariable analysis, the risk of major complication was higher in the TP group (OR = 3.44, CI = 1.44--8.18, *p* = 0.005) but the risk of mortality was similar compared to those undergoing laparotomy without TP (OR = 0.62, *p* = 0.304). In a separate analysis on all patients (original cohort of 2182 patients), TP patients continued to have a similar risk of mortality compared to patients undergoing laparotomy without TP (OR = 0.58, 0.28--1.20, *p* = 0.140) (Tables [5](#Tab5){ref-type="table"}, [6](#Tab6){ref-type="table"}).Table 5Logistic regression analysis for risk of venous thromboembolism in 1:2 propensity-matched patients with severe pancreas/duodenal injury undergoing exploratory laparotomy and trauma pancreaticoduodenectomy versus exploratory laparotomy aloneRisk factorORCI*p* valueMortality0.620.25--1.550.304Major complications^a^3.441.44--8.180.005Venous thromboembolism^b^4.861.35--17.470.015^a^Defined by acute respiratory distress syndrome, unplanned intensive care unit admission, pneumonia, cerebrovascular accident, acute kidney injury^b^Adjusted for inferior vena cava and hepatic vein injuryTable 6Adjusted multivariable logistic regression analysis for risk of mortality in all severe pancreas/duodenal injured patients undergoing exploratory laparotomy and pancreaticoduodenectomy versus exploratory laparotomy aloneRisk factorORCI*p* valuePancreaticoduodenectomy0.580.28--1.200.140Combined pancreas/duodenum injury1.751.32--2.31 \< 0.001Hypotension on admission2.391.84--3.09 \< 0.001Tachycardia on admission1.531.23--1.92 \< 0.001Severe^a^ AIS-head2.821.40--5.670.004Severe^a^ AIS-thorax1.981.39--2.83 \< 0.001Severe^a^ AIS-abdomen2.651.97--3.57 \< 0.001Injury severity score ≥ 251.851.42--2.41 \< 0.001Defined by an abbreviated injury scale grade of 3 or higher*AIS* abbreviated injury scale^a^*Adjusted for combined grade 3/4 pancreatic and duodenal injuries*

Discussion {#Sec7}
==========

This retrospective analysis using seven years of data from the TQIP found the incidence of TP in patients with severe (grade-3 or 4) pancreatic and/or duodenal injury after penetrating trauma to be just over 2%. In support of our hypothesis, there was no difference in the risk of mortality between patients who underwent TP during the index operation compared to patients who underwent laparotomy without TP. Furthermore, the actual mortality rate, albeit not statistically significant, demonstrated a trend toward lower mortality for patients undergoing TP compared to matched patients undergoing laparotomy without pancreaticoduodenectomy. Additionally, the mortality rate of TP in our study is statistically similar to a prior national analysis but this may be because our study was underpowered to detect a difference. In addition, we found the TP group to have a higher rate and associated risk of major in-hospital complications. And finally, the risk of VTE was also significantly higher for those undergoing TP even after adjusting for the increased LOS.

The application of pancreaticoduodenectomy to trauma patients is not novel. Kerry was the first to report the use of pancreaticoduodenectomy in a trauma patient in 1962 \[[@CR26]\]. Several years later Foley first reported performing TP as part of the index operation in trauma \[[@CR27]\]. The largest case series of TP from a single center includes only 19 patients over a 22-year period \[[@CR1]\]. Our study includes the largest number of patients reported in a single series and attempted to compare similarly matched patients undergoing laparotomy, thus improving generalizability.

Much of what we know about pancreaticoduodenectomy stems from research done on patients undergoing elective surgery for adenocarcinoma in the head of the pancreas. In recent years, patients undergoing pancreaticoduodenectomy in this circumstance are reported to have a less than 4% perioperative mortality rate---which has decreased considerably from the 25% perioperative mortality rate reported when Allen Whipple first introduced the operation \[[@CR22]\]. Part of the improved mortality is attributed to ancillary staff/services including diagnostic and interventional radiologists, infectious disease specialists, critical care, specialized nurses and dieticians/nutritional support \[[@CR21]\]. Additionally, institutional diagnostic/treatment protocols, clinical pathways and standardized post-operative courses are key components in the care of patients undergoing elective pancreaticoduodenectomy at centers specializing in the operation \[[@CR28]\]. Much of these features are inherent to trauma centers and systems. Furthermore, the care of the trauma patient is rooted by a multidisciplinary approach including interventional radiologists (IR) and gastroenterologists as integral members of the trauma team \[[@CR29], [@CR30]\]. In fact, the American College of Surgeon's mandates that verified trauma centers have an institutionally agreed upon response time from interventional radiology teams \[[@CR31]\]. The evolving role of IR, interventional gastroenterology and the "built-in" treatment pathways of trauma care may help explain why we found the modern TP to have a similar risk of mortality compared to a trauma laparotomy for similarly injured patients and why the perioperative mortality rate is far less than the 50% reported in the first several case-series' of trauma patients undergoing TP \[[@CR16], [@CR19]\]. This also helps explain the fact that while more of our trauma patients survived, we did find that TP patients had a higher risk of major complications compared to similar patients undergoing laparotomy. This continued high rate/risk of complications is mirrored in the elective pancreaticoduodenectomy literature with complication rates as high as 45% \[[@CR20], [@CR32]\]. Additionally, the low rate of unplanned returns to the operating room found in this study support the fact that complications can often be dealt with in a more minimally invasive manner thus improving mortality outcomes. Future prospective studies should capture the rate of endoscopic (i.e. sphincterotomy and/or pancreatic/biliary stent placement) and/or IR-based interventions (angioembolization and/or image-guided drainage of peri-pancreatic fluid collections) to definitively determine the utilization rates and effects on outcomes.

Patients undergoing pancreatoduodenectomy have a higher incidence of post-operative VTE. In modern reports, the rate of VTE ranges between 1 and 21% \[[@CR33]\]. Since most of the reports on VTE in pancreatoduodenectomy are based on patients with pancreatic cancer, whom already have a higher risk of VTE, the contribution that the operation itself may have is difficult to ascertain. Additionally, major surgery in and of itself is a risk factor for VTE \[[@CR34]\]. However, in our study we compared similarly injured patients undergoing laparotomy without TP, which is still a major abdominal surgery and found the TP group to have a nearly eight-fold higher associated risk of VTE. Stasis or injury of the portal venous system which may occur during dissection of the pancreatic head and porta hepatis may partly explain the increased risk of VTE within trauma patients undergoing TP \[[@CR33]\]. Additionally, the increased time it would take to perform a TP compared to a laparotomy without TP may partly explain this finding \[[@CR20], [@CR35]\]. Further explanation may be related to our finding of a higher rate of IVC injury in the TP group. However, our post-hoc multivariable analysis demonstrated that even after controlling for IVC injury, the risk of VTE continued to be significantly higher in the TP group.

We have several limitations to note in our study. This was an analysis of a large national database with multiple participating trauma centers and as such, we can only report associations. TQIP does not grade injuries using the American Association for the Surgery of Trauma organ injury score (OIS) for pancreatic injuries. We decided to use the available AIS to loosely parallel the OIS realizing this is an imperfect methodology. Additionally, reporting bias and coding errors are undoubtedly present. We also were missing important information such as details of and location of pancreatic (relationship to mesenteric vessels and ductal involvement) and duodenal (relationship to ampulla and wall circumference of injury) injuries, as well as pancreatic/biliary post-surgical complications (i.e. pancreatic leak and/or bile leak) and what post-operative interventional services were utilized. Since the concomitant injuries were coded using ICD-9 codes, it is unknown if the IVC injuries were simply radiographic evidence of injury to the vessel, an injury identified intraoperatively or an injury with associated massive hemorrhage. Other missing information include subsequent liver failure, type of pancreatic reconstruction and information regarding intraoperative drain placement. We also do not have any long-term data regarding TP reconstruction complications as well as quality of life evaluations as this database only includes outcomes pertaining to the index hospitalization. Furthermore, this study only included those receiving a surgery within the first 6 h of admission. As such, we are not able to report on patients undergoing delayed reconstruction after an initial damage control surgery. Finally, and most notably, there is also almost certainly a selection bias for patients selected to undergo TP, as such the authors are not suggesting increased use of TP. We are more reporting that in appropriately selected patients, TP may be a reasonable option and no longer carries the extreme mortality rate historically reported. However, future multicenter prospective studies are needed to evaluate these findings.

Conclusion {#Sec8}
==========

The use of TP in penetrating trauma patients continues to be rare. In appropriately selected trauma patients with severe pancreatic/duodenal injuries, TP is associated with a similar risk of mortality as laparotomy without TP. However, TP patients did have a longer LOS as well as an increased associated risk of major complications and VTE.
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